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Within the combined potential of an optical lattice and a harmonic magnetic trap, it is possible to form matter
wave packets by intensity modulation of the lattice. An analysis of the production and motion of these wave
packets provides a detailed understanding of the dynamical evolution of the system. The modulation technique
also allows for a controllable transfer (de-excitation) of atoms from such wave packets to a state bound by the
lattice. Thus, it acts as a beam splitter for matter waves that can selectively address different bands, enabling
the preparation of atoms in localized states. The combination of wave packet creation and de-excitation closely
resembles the well-known method of pump-probe spectroscopy. Here, we use the de-excitation for spectroscopy
of the anharmonicity of the combined potential. Finally, we demonstrate that lattice modulation can be used to
excite matter wave packets to even higher momenta, producing fast wave packets with potential applications in
precision measurements.
PACS numbers: 37.10.Jk, 03.75.Lm, 03.75.-b
I. INTRODUCTION
Within the past two decades, rapid progress in the field of
cold gases has been driven by the ability to manipulate these
ensembles with unprecedented precision. This has led to a
multitude of results, ranging from fundamentally new exper-
iments on quantum systems [1] to improved precision mea-
surements [2, 3]. In particular, the confinement and manipu-
lation of ultracold atoms in optical lattices has led to the new
research area of quantum simulation of solid state systems [4].
One intriguing current direction is the investigation of Hub-
bard models with an extended interaction range, which can
either be realized using dipolar gases [5] or atoms in higher
bands interacting through zero-range collisions [6]. For the
latter, the central challenge consists in the high fidelity prepa-
ration of atoms in selected bands. Experimental steps in
this direction have been taken using Raman transfer [7],
dynamical control of the potential [8, 9], and Bragg spec-
troscopy [10].
The combined potential of a magnetic trap and an opti-
cal lattice allows one to address individual bands using both
bosons [11] and fermions [12], and it was previously shown in
our experiments that wave packets can be used to populate in-
dividual states in this system with high efficiency [13]. These
wave packets are created by lattice intensity modulation and
evolve in a quasi-continuum of states bound by an external
magnetic trap. Their de-excitation into lower bands to popu-
late localized states can then serve as a resource for quantum
simulation.
Since the term ‘wave packets’ is used in a number of differ-
ent contexts in the field of ultracold atoms, we limit the fol-
lowing brief discussion of other experiments to cases where
optical lattices are used to manipulate Bose-Einstein conden-
sates (BECs) [14]. Wave packets can be created by exposing
a BEC to brief pulses of optical lattice light to split the cloud.
∗ poul@phys.au.dk
This method can generate wave packets propagating in free
space [15], in a harmonic trap [16], or in wave guides [17?
, 18]. Additionally, atoms performing Bloch oscillations in
the lowest band form wave packets in higher bands through
Landau-Zener transitions [19–22].
The lattice modulation technique employed here has previ-
ously been used to create quasi-free wave packets in the com-
bined potential of an optical lattice and a magnetic trap [13]. It
was also shown that these wave packets can be de-excited into
bound lattice bands. However, a detailed analysis of the wave
packet evolution and the maximal efficiency of the excitation
process was limited by the available data quality.
Within this work, we characterize the creation of wave
packets and their motion in detail, revealing previously unob-
served features. Moreover, the de-excitation technique is ex-
tended to all available bands and it is shown to operate with an
efficiency approaching unity. We also demonstrate that it can
serve as a tool for spectroscopy of the confining potential [23].
In a further extension of the wave packet technique, we cre-
ate and characterize wave packets in higher quasi-continuum
states at large velocities.
The creation and de-excitation process strongly resembles
the well-established technique of pump-probe spectroscopy,
where an initial pump pulse creates an excitation in the sys-
tem, which is interrogated by a probe pulse at a later time,
transferring the excited state population to a chosen final state.
We exploit this analogy by showing that the technique pro-
vides a high degree of control over transfer to the vibrational
bands of the lattice. This has prospective applications in quan-
tum metrology, complementing previous work on large mo-
mentum beam splitters [22, 24–26].
This paper is organized as follows: In section II, we briefly
describe the experimental setup and the creation of wave pack-
ets in our system. A simple band model is presented, and
we show that this model describes the observed wave packet
motion accurately. In section III, the wave packet motion is
characterized, and the parameters available for controlling the
motion are explored. In section IV, the effect of varying dif-
ferent modulation parameters is investigated along with their
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FIG. 1. (Color online) (a) Calculated spectrum of the 1D single par-
ticle Schro¨dinger equation for the combined magnetic trap and op-
tical lattice potential. Each horizontal line represents the summed
population density of the eigenstates within an energy bin of width
h · 664 Hz. The shading becomes darker with increasing density of
states and white indicates forbidden regions. The dashed red line
indicates the local maximum of the combined potential. Three ex-
perimental processes are shown: (1) A wave packet can be gener-
ated via a two-step excitation process. (2) A wave packet can be
de-excited into lower lying localized states. (3) A wave packet can
be excited to higher states. (b) The same processes are shown in
the conventional band picture represented in the first Brillouin zone
versus quasi-momentum ~q.
effect on de-exciting a wave packet into a localized state. Sec-
tion V presents more experiments to probe the band structure
in momentum space.
II. EXPERIMENTAL REALIZATION OF WAVE PACKETS
Wave packets of ultracold atoms can be created in the com-
bined potential of a one dimensional optical lattice and a Ioffe-
Pritchard magnetic trap by intensity modulation of the lattice.
The creation of these wave packets was previously described
in Ref. [13] and is only briefly repeated here. Figure 1 shows
a single particle calculation of the system’s band structure.
For our choice of parameters, three energy bands are bound
by the lattice, and a region of densely spaced states exists
above the second excited band. The spacing between adja-
cent energy levels in this region is ∼ 30 Hz and may be re-
garded as comprising a quasi-continuum in comparison with
the ∼ 10 kHz spacing between energy bands. By modulat-
ing the lattice intensity at an appropriate frequency, various
transitions between the bands and the quasi-continuum can be
driven to create, excite or de-excite wave packets (see Fig. 1).
To initiate these experiments, a BEC of 105 87Rb atoms
in the 52S1/2|F = 2,mF = 2〉 state is adiabatically
transferred into a potential consisting of a magnetic trap
with axial and radial trapping frequencies of ωa = 2π ×
12.2 Hz and ωr = 2π × 40.6 Hz, and an optical lattice at a
wavelength of λLat = 914 nm. We use a lattice depth of
s ≡ VLat/ER = 16, where VLat is the depth of the potential
and ER = (~kR)2/(2m) = ~(2π × 2.75 kHz) is the recoil
energy, with kR = 2π/λLat and m the mass of 87Rb.
To produce wave packets, we modulate the depth of the lat-
tice by varying the lattice beam intensity [24] according to
V (y, t) =
1
2
mω2r y
2 − sER cos
2(kRy)(1 + ǫ cos(2πνmodt)),
(1)
where the strength of the modulation is characterized by
the relative amplitude ǫ. The production of wave packets
is constrained by this method of excitation since the ma-
trix element linking initial and final states is proportional to:
〈ni| cos
2(kRy)|nf 〉 = 〈ni|1−(kRy)
2+(kRy)
4/12+. . . |nf 〉.
To lowest order, this leads to the selection rule ∆n = 2 [27].
The excitation of wave packets into the quasi-continuum is
a two step process: The first excitation step takes the atoms
from the lowest band to the second excited band, and the
second step excites the atoms into the quasi-continuum at
an energy corresponding to the fourth excited band as de-
tailed in Ref. [13] and illustrated in Fig. 1 (process (1)). The
atoms populate a superposition of eigenstates in the quasi-
continuum, corresponding to two wave packets of opposite
momentum since the band structure is symmetric in momen-
tum space. Hence, one wave packet initially moves upwards,
and the other moves downwards [28] in the combined poten-
tial. During the subsequent movement, the wave packets ex-
change their initial kinetic energy for potential energy by mov-
ing outward in the harmonic potential while ‘rolling down’ the
appropriate bands [29]. In order to gain spatial information on
the wave packets, we measure the number of atoms by in-trap
absorption imaging [30].
In the following, we investigate the wave packet production
efficiency as a function of modulation frequency and duration.
This data underpins the choice of parameters in Ref. [13] and
the rest of this work. The number of atoms transferred to the
wave packets was measured for different modulation frequen-
cies; Fig. 2 shows the data for the lower wave packet. The
data was obtained for T = 500 µs modulation duration and a
relative modulation amplitude ǫ = 0.165, with a rectangular
amplitude envelope. The frequency that produced the largest
transfer was 30.8 kHz; this agrees well with the ∼ 11ER/~
band spacing evident in Fig. 1. The resonance was fitted with
a Gaussian as an empirical model, yielding a 1/e2 width of
5.7 kHz; this measured width is consistent with the 7 kHz
width of the second excited band.
The inset to Fig. 2 shows the number of atoms in the lower
wave packet as a function of time for a modulation frequency
of 33 kHz and relative modulation amplitude ǫ = 0.165.
The data was fitted with an exponential saturation function
(∝ [1 − exp(−t/τ)]) to characterize the time required to sat-
urate the transfer, yielding the time constant τ = 130 µs [31].
Due to the large number of excited states in the second ex-
cited band and the quasi-continuum, we do not observe any
coherent oscillations of the population. The transfer is nearly
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FIG. 2. (Color online) Number of atoms in the lower wave packet as
a function of the modulation frequency for a pulse of T = 500 µs
duration. The data was fitted with a Gaussian as an empirical model
yielding an optimal transfer frequency of νmod =30.8 kHz, and a
1/e2 width of 5.7 kHz. Inset: Number of atoms in the lower wave
packet as a function of modulation duration T for νmod =33 kHz
(same vertical axis units as main figure); the data was fitted with an
exponential saturation function with time constant τ = 130 µs. For
both data sets, the relative modulation amplitude was ǫ = 0.165.
saturated at T = 500 µs, and we therefore use amplitude mod-
ulation pulses with this duration in the following.
This characterization of the initial wave packet creation
provides the starting point for an analysis of the wave packet
motion and for further de-excitation and excitation studies.
III. WAVE PACKET MOTION
The wave packet evolution in the combined potential of the
magnetic trap and the optical lattice was initially analyzed in
Ref. [13]. Each wave packet undergoes oscillatory motion
due to the harmonic confinement of the magnetic trap until
it reaches the gap between the second and third excited bands.
At this gap (q = 3kR), it encounters a potential barrier and,
depending on the size of the band gap, one of two things can
happen: the atoms can undergo Landau-Zener tunneling, or
they follow the avoided crossing into the next Brillouin zone,
corresponding to an inversion of the momentum, i.e. Bragg re-
flection. In our system, the vast majority of the atoms undergo
Bragg reflection since the Landau-Zener tunneling probability
is 0.1% [32]. Within previous work [13], the detailed features
of the oscillation were not resolved.
Figure 3 shows the motion of the upper and lower wave
packets in the quasi-continuum following 500 µs modulation
at 30 kHz. The wave packet is reflected at time tref and after
traveling through the main cloud, it is reflected again when
it reaches the opposite side of the trap at time 3tref . These
reflections are repeated at odd multiples of tref . To account
for the finite size of each wave packet, the reflection at the
band gap is modeled to take time τref . We thus model the
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FIG. 3. (Color online) Wave packet motion in the quasi-continuum
following modulation at 30 kHz, fitted with Eqn. (2). Lower wave
packet data and fit: filled circles, solid line; upper wave packet data
and fit: open circles, dashed line. The wave packets oscillate harmon-
ically but with turning regions caused by reflections at the energy gap
between the second and third excited bands.
displacement of each wave packet by
y =


A sin(ωrt+ φ0) 0 ≤ t < tref −
τref
2
A sin(ωr(tref − τref/2) + φ0) tref −
τref
2
≤ t < tref +
τref
2
A sin (ωrt+ φ0 + φref) tref +
τref
2
≤ t < 3tref −
τref
2
. . .
(2)
where φref = π − 2ωrtref is the phase shift due to Bragg re-
flection.
The displacement of each wave packet in Fig. 3 was fit-
ted with Eqn. (2), where ωr = 2π × 40.6 Hz was held con-
stant and all other parameters were varied. The fitted value
of the reflection duration was τref = 0.9 ± 0.1 ms. This
value is consistent with the expected duration given by σ/v,
where σ ≈ 6.6 µm is the width of the wave packet and
v = 3~kR/(2m) ≈ 7.5 mms
−1 is the velocity of the wave
packet just before reflection. The reflection time tref also
agrees well with the expected value of 3.0 ms [13].
To further explore these reflections at the band gap and to
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FIG. 4. (Color online) Wave packet motion for different modulation
frequencies. (a) Upper wave packet displacement as a function of
hold time for νmod=28 kHz (filled circles, solid line), 32 kHz (open
squares, dotted line) and 36 kHz (open circles, dashed line); the data
for each frequency has been fitted with Eqn. (2). (b) Maximum wave
packet displacement as a function of modulation frequency; data and
errors were obtained from fits as in (a). Solid line: fit to data using
Eqn. (3).
analyze the energy at which a wave packet is generated in the
quasi-continuum, we investigated the wave packet’s motion
for several values of the modulation frequency. Figure 4 (a)
shows the displacement of the upper wave packet as function
of hold time for νmod = 28, 32 and 36 kHz. Consistent with
Fig. 1 (a), higher modulation frequencies lead to a larger dis-
placement at which the wave packet is reflected at the band
gap. However, the modulation frequency is limited by the
width of the second excited band of about 7 kHz, since the
excitation is a two step process passing through this band.
Figure 4 (b) shows the maximum turning point position of
the lower wave packet as a function of modulation frequency.
This position can be determined from energy conservation:
Disregarding the perturbation of the harmonic potential due
to the optical lattice, one can equate the modulation energy
2hνmod with the potential energy of the harmonic trap offset
by the energy difference between the lowest and third excited
bands, 2hνmod = hν03 + 12mω
2
r y
2
. Solving for the position,
we obtain
y =
[
4h
mω2r
(νmod − ν03/2)
] 1
2
. (3)
This function was fitted to the data in Fig. 4 (b), yielding val-
ues of ν03 = 42.6± 0.6 kHz and 40.2±0.8 kHz for the upper
and lower wave packet respectively. This is consistent with the
value 41.1 kHz predicted from the band model; we attribute
the asymmetry between upper and lower wave packets to an-
harmonicity in the combined potential, which is addressed in
section IV B.
We do not observe effects due to collisions on the center of
mass motion or the fitted widths of the wave packets as they
move through the stationary condensate. This confirms that
the density during a wave packet’s traversal of the main cloud
is sufficiently low that collisions do not play a significant role.
This detailed analysis of wave packet motion shows that the
dynamical evolution of the system after modulation is well
understood. The improved data quality with respect to prior
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FIG. 5. (Color online) Fraction of the initial wave packet de-excited
to localized states as a function of de-excitation frequency for a pulse
amplitude of ǫ = 0.15 and a duration of 500 µs. The data shows the
mean fraction in the upper localized state in a 2 kHz bin. The data
has been fitted with a triple Gaussian function, yielding resonances
at 19.1, 31.7 and 47.7 kHz; these correspond to de-excitation into
the second excited, first excited and lowest band respectively. The
errorbars show the standard error of the mean for a given bin.
work [13], allows the observation of qualitatively new features
such as the delay in the reflection region.
IV. DE-EXCITATION OF WAVE PACKETS
A. Introduction
The wave packets represent a resource to produce states lo-
calized in a given lattice site in the lower bands of the com-
bined trap: Following excitation to the quasi-continuum, the
atoms can be de-excited using a second modulation pulse of
the optical lattice. This was first demonstrated in Ref. [13].
Here, we significantly extend this work showing that the fre-
quency, amplitude, and pulse duration of the de-excitation can
be tailored to adjust the number of atoms transferred to desired
lattice sites. This allows us to populate several sites in the op-
tical lattice, providing, for example, a path towards loading a
quantum register. The method bears strong resemblance to the
well-known pump-probe technique [33], which allows for the
investigation of excited state dynamics and for the preparation
of quantum states.
The starting point for these experiments is a wave packet
moving in the quasi-continuum (see section II) obtained by
modulating the lattice at a frequency of 30 kHz and an ampli-
tude of ǫ = 0.15 for a duration of 500 µs. By using a second
modulation pulse, indicated as process (2) in Fig. 1, this wave
packet can be de-excited into lower states. Thus, the probe
pulse serves a dual purpose: It can be used to interrogate the
evolution in the excited state, and it allows for the preparation
of specific target states.
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FIG. 6. (Color online) Fraction of atoms de-excited from the lower
wave packet as a function of pulse amplitude. The experiment was
performed for three de-excitation frequencies: 17 kHz (blue, open
squares, dotted line), 34 kHz (black, filled circles, solid line), 49 kHz
(red, open circles, dashed line). The data was corrected for off-
resonant transfer to lower bands (see text). Linear fits were per-
formed to guide the eye. Inset: Fraction of atoms in a localized state
as a function of de-excitation pulse duration at a frequency of 32 kHz
and ǫ = 0.17. The data was fitted with an exponential saturation
function with time constant τ = 132 µs.
We begin by investigating the modulation frequency depen-
dence of the de-excitation process. The wave packet was al-
lowed to evolve for 2 ms before applying a second modulation
pulse to de-excite the atoms. Figure 5 shows the fraction of
atoms in the wave packet that were de-excited as a function of
modulation frequency. It shows three resonances at 19.1±0.1,
31.7±0.07, and 47.7±0.7 kHz, which correspond to transfer
to the second excited, first excited and lowest bands respec-
tively. This is consistent with the theoretically expected spac-
ing shown in Fig. 1 of 6.3, 11.8 and 18.1 ER corresponding
to 17.3, 32.4 and 49.7 kHz respectively. To obtain the data
shown in Fig. 5, we modified the detection procedure to en-
sure that the de-excited atoms remained trapped in the lattice,
while the remainder of the wave packets was removed [34].
This is most relevant for de-excitation into the second excited
band, since part of this band is not trapped at a lattice depth of
16 ER.
The de-excitation spectrum contains transitions that change
the band index by ∆n = 1, 2, 3. This does not violate the
selection rule ∆n = 2 introduced in section II, since it only
strictly applies when the states involved are eigenstates of the
parity operator. Nonetheless, the selection rule indicates that
the transition rate for odd-numbered transitions will be re-
duced with respect to even-numbered ones. This is indeed the
case in Fig. 5, where the de-excitation fraction is reduced for
the transition to the lowest band and the second excited band.
The fraction of de-excited atoms can also be controlled by
the amplitude of the de-excitation pulse. We have investi-
gated this dependence at modulation frequencies of 17, 34,
and 49 kHz corresponding approximately to the resonances
in the de-excitation spectrum shown above. Figure 6 shows
the fraction of de-excited atoms as a function of the modula-
tion amplitude. The maximal modulation amplitude in these
experiments was limited to ǫ = 0.2, where the de-excitation
begins to saturate. Above this value, re-excitation of atoms in
localized states occurs, leading to non-linear behavior. In the
case of large amplitude transfer to the second excited band,
we subtracted the signal of spurious atoms transferred to the
first excited band. Figure 6 shows that the first excited band
can be populated with high efficiency, i.e., a large fraction of
the atoms in the initial wave packet can be de-excited to a
localized state. In contrast, transfer into the lowest and the
second excited band is limited, even at high modulation am-
plitudes. In general, the modulation amplitude allows us to
split the wave packet into a moving part and a number of lo-
calized parts in the bound bands of the lattice.
Finally, the duration of the de-excitation modulation pulse
can be used to tailor the de-excitation. The inset to Fig. 6
shows the number of de-excited atoms as a function of mod-
ulation pulse duration at a de-excitation frequency of 32 kHz.
The de-excitation efficiency increases steadily until reach-
ing saturation around 500 µs. We obtain a time constant of
τ = 132 µs from a fit to this data, which agrees well with the
time constant obtained for the excitation process (see inset to
Fig. 2). This result validates the use of modulation pulses with
a duration of 500 µs in both cases.
By tailoring both the amplitude and the pulse duration we
can reach efficiencies approaching unity for the de-excitation
to the first excited band, whereas transfer to the lowest and the
second excited band is limited to 15% and 50% respectively.
When coupling into the first excited band, the method thus al-
lows for splitting the wave packet in an arbitrary ratio. Hence
the wave packet can indeed serve as a resource to produce
atoms localized in a given lattice site, providing, for example,
a path towards loading an atomic quantum register.
In particular, the use of multiple de-excitation frequencies
enables the controlled population of several, spatially sepa-
rated, localized states, limited only by the spatial selectivity
of the de-excitation pulse. Using this method, we have real-
ized the splitting of a propagating wave packet into two dis-
tinct localized states [35], thereby demonstrating the ability
to control the position and population of the localized wave
packets.
B. Spectroscopy of trap anharmonicity
In a first application of the technique, we show that the
frequency dependence of the de-excitation allows for a spec-
troscopic measurement of the band structure in the combined
trap. This is in close analogy with the ability of other pump-
probe schemes to characterize the final state after probing the
system, e.g. a molecular ground state. Here, we measure the
the spatial dependence of the resonant de-excitation frequency
to characterize the potential with sufficient precision to detect
distortions of the harmonic confinement.
To initiate the experiment, atoms were excited into the
quasi-continuum by a modulation pulse of the optical lattice.
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FIG. 7. (Color online) Resonant de-excitation frequency as a func-
tion of position. The extracted background trapping potential (see
text) is shown on the other vertical axis. The data was fitted with
quadratic (dashed line) and cubic (solid line) functions to show the
anharmonicity of the potential. The fitted offset (c) was subtracted
from the data points and the fits.
In this case, the modulation frequency was swept from 27.5
to 28.5 kHz within 1.5 ms. This generated a temporally broad
wave packet moving in the quasi-continuum. After a vari-
able evolution time of the wave packet, a de-excitation pulse
at a chosen modulation frequency was applied, and the mag-
netic trap was turned off. The de-excited atoms were then
held in the lattice for a further 10 ms to allow atoms in the
quasi-continuum to leave the detection region, and finally an
absorption image was taken. For each evolution time between
0.1 and 2 ms the de-excitation frequency was varied to obtain
the resonant de-excitation frequency to the first excited band.
The broadness of the initial wave packet was advantageous in
this case because it reduced the number of necessary measure-
ments.
Figure 7 shows the resonant de-excitation frequency as a
function of the position of the de-excited atoms. The posi-
tion for each evolution time was obtained from Gaussian fits
to the absorption images. The link between the de-excitation
frequency and the harmonic trapping potential can be seen di-
rectly in Fig. 1 (a). The energy balance in this case shows
that the resonant de-excitation frequency is given by νde−ex =
2νmod − (Ebg + E01)/h. where E01 is the energy difference
between the lowest and first excited bands, and Ebg corre-
sponds to the background potential dominated by the mag-
netic trap. Since the first excited band is nearly flat, E01 is ap-
proximately constant. The background potential Ebg is there-
fore proportional to the de-excitation frequency.
To illustrate our ability to resolve the anharmonicity of the
trap, the data was fitted with a harmonic trapping potential
Ebg = b
′y2 + c, and a harmonic potential plus a cubic term
Ebg = ay
3 + by2 + c, where the offset c was obtained from
the cubic fit. For the quadratic fit, we obtain a χ2 value that is
9.3 times larger than the value for the cubic fit, showing that
the potential is indeed anharmonic.
This anharmonicity is caused by a combination of factors
including gravity, the inherent anharmonicity of the magnetic
trap, and the imperfect alignment of the magnetic trap with
the optical lattice. Since the measured cubic component (a)
is approximately 9.1 times larger than the one expected under
ideal conditions (i.e., perfect alignment), we attribute the an-
harmonicity shown in Fig. 7 primarily to the misalignment of
the magnetic trap with the optical lattice. This observed an-
harmonicity can explain the asymmetry in the fitted value for
ν03 in section III.
V. MULTIPLY EXCITED WAVE PACKETS
The ability to excite wave packets further into the quasi-
continuum adds to the rich dynamical properties of this sys-
tem. In particular it allows for the creation of high momentum
wave packets with potential applications in atom optics and
atom interferometry. Such an excitation can be achieved by
an appropriately chosen second modulation pulse of the lat-
tice, which does not de-excite the atoms from a wave packet,
but propels them further into the quasi-continuum. This fur-
ther excitation is indicated as process (3) in Fig. 1 (a).
Since the wave packet moves in a quasi-continuum of states
in an approximately harmonic trap, the excitation frequency
spectrum is primarily dictated by a harmonic dispersion rela-
tion. Nonetheless, it remains useful to depict the process in
a band structure picture, since it allows for an easy identifica-
tion of the resonance energies. Figure 1 (b) shows that the res-
onant excitation frequency depends on the momentum ~q(t)
of the primary wave packet. The interaction of atoms in the
quasi-continuum states with the oscillating potential of the lat-
tice can be visualized as absorption and emission of phonons
carrying energy ~ωmod and momentum 2~kR. Consequently,
absorption of such a phonon corresponds to a ‘vertical’ tran-
sition into a higher band with band index nf = ni + 2.
In our case, the primary wave packet is created close to
the crossing between the third and fourth excited bands, and
during its evolution it propagates in the third excited band.
A further excitation at small initial ~q hence transfers the
wave packet to the crossing between the fifth and sixth ex-
cited bands, whereas later excitation at larger ~q transfers the
wave packet to the fifth excited band only.
Figure 8 shows the motion of such multiply excited wave
packets. In this realization, the primary wave packets were
created by modulating the lattice at 31 kHz, and after a de-
lay of 2 ms a further excitation pulse at 52 kHz was applied.
This results in a second transfer of 2~kR, yielding a doubly
excited wave packet and hence a significantly larger maximal
displacement during the following oscillation. The displace-
ment of the wave packets was fitted with Eqn. (2). Due to the
high momentum, the reflection duration τref becomes small
compared to the period of the oscillation, leading to a near
sawtooth appearance. Figure 8 (b) shows an absorption im-
age taken after a 4.5 ms hold time close to the wave packet’s
turning point at a displacement of ≈ 100 µm. Both the pri-
mary wave packets and the multiply excited wave packets are
visible.
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FIG. 8. (Color online) Motion of multiply excited wave packets. (a)
Lower wave packet data and fit: filled circles, solid line; upper wave
packet data and fit: open circles, dashed line. (b) Absorption image
showing the multiply excited and the initial wave packet at a hold
time of 4.5 ms.
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FIG. 9. (Color online) Atom number in the highly excited wave
packet as a function of the excitation frequency for four values of
the delay between the modulation pulses: 0.6 ms (red filled circles),
2.0 ms (black circles), 2.9 ms (blue diamonds) and 3.3 ms (green
squares). Solid lines indicate Lorentzian fits to each data set. The
shift of the resonance frequency and the broadening of the excitation
profile can be understood by considering the movement of the wave
packet within the band structure.
The observed displacement is consistent with the energy
spectrum in Fig. 1 (a), since the band gap is reached at larger
displacements for multiply excited wave packets. Similarly,
in momentum space (Fig. 1 (b)), it takes a longer time for
the wave packet to ‘roll down’ multiple momentum branches
under the influence of gravity before being reflected at the gap
between the second and third excited bands.
The resonant frequency for the second excitation depends
on the momentum ~q(t) of the primary wave packet, as out-
lined above. To map out this dependence, the frequency of
the excitation pulse was varied for several values of the delay
between the two modulation pulses. Figure 9 shows the atom
number in the excited wave packet as function of excitation
frequency. Each of the data sets was fitted with a Lorentzian
to extract information about the resonance. The center fre-
quency of the excitation profile shifts down as the delay is
increased, and at the same time the width of the resonance
broadens.
The shift of the resonance can be analyzed analytically for
a free particle in a harmonic potential and numerically for a
single particle in a band structure. The momentum of an atom
in a given band is q~kR, and through the excitation it gains an
additional 2~kR in momentum. For a free particle, the energy
gained by an atom is thus given by
E′ − E
ER
= (q + 2)
2
− q2,
= 4 [1 + qmax cos (ωr(t− t0))] , (4)
where we have replaced the momentum q by that of a particle
oscillating in a harmonic trap. Figure 10 shows the resonant
frequencies as a function of the delay time. By fitting Eqn. (4)
to this data, the values of qmax = 4.16± 0.01 kR and the time
offset t0 = 0.21 ± 0.02 ms were obtained. Alternatively, the
data was fitted by using a single particle band structure cal-
culation. In that case the energy was calculated numerically
for each value of the momentum qmax cos (ωr(t− t0)), again
using qmax and t0 as free parameters. Thus values of qmax =
4.18 ± 0.02 kR and the time offset t0 = 0.44 ± 0.04 ms
were obtained. The resulting resonant frequency has a small
kink at 1.5 ms which originates from the small gap between
the third and fourth excited bands. This confirms that a tran-
sition from the fourth to the sixth excited band is driven for
t < 1.5 ms and from the third to the fifth excited band for
t > 1.5 ms. The obtained values of qmax agree well with the
expected value of 4.22 kR [36]. The time offset reflects the
time it takes to further excite atoms from the primary wave
packet; the offset differs for the two methods, due to the in-
fluence of the lattice on the dispersion relation. Nonetheless,
the reasonable agreement of both methods confirms the small
influence of the lattice on the motion of the multiply excited
wave packets.
These models also explain the broadening of the resonance.
Since the primary wave packet shows very little spread-
ing [13] during its evolution, its spatial width corresponds to
a fixed temporal width with respect to the time delay between
the excitation pulses. Due to the slope of the transition fre-
quency in Fig. 10, this corresponds to a narrow frequency dis-
tribution at short delays and a wide distribution at long delays.
This trend is in agreement with the profiles shown in Fig. 9.
The analysis above shows that an excellent understanding
of the dynamics of multiply excited wave packets has been ob-
tained. This method extends our ability to utilize wave pack-
ets in a number of ways. Since the second excitation occurs in
the quasi-continuum, it is not sensitive to the particular lattice
depth and can thus serve as a method to detect the momentum
of the primary wave packet even when it is overlapped with
the main cloud. In combination with the de-excitation tech-
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FIG. 10. (Color online) Resonant transition frequency for the second
excitation as a function of the delay between modulation pulses. The
red dashed line is a fit to the data using Eqn. (4). The blue solid line
is a fit to a model based on a numerical calculation of the band struc-
ture for the combined trap. It shows a small kink at the gap between
the third and fourth excited bands, which is not resolved in the data;
a close-up of this region is shown in the inset. The error bars corre-
spond to the uncertainty of the resonant frequency extracted from the
Lorentzian fits in Fig. 9.
nique, it allows for a controlled transport of atoms into distant
localized states, not reachable by the primary wave packets.
Finally, this technique in principle enables creation of very
fast wave packets using moderate modulation frequencies.
This can be achieved by applying an excitation pulse at an evo-
lution time when the wave packet traverses the fourth or third
excited band. In position space, this corresponds to a jump up
the slope of the potential. Wave packets can thus achieve sub-
stantial velocity, depending on how many phonons they have
absorbed. These high momentum wave packets have potential
applications in atom optics and atom interferometry [22, 24–
26].
VI. CONCLUSION AND OUTLOOK
In this paper, we have presented a detailed analysis of the
creation, evolution and manipulation of wave packets in the
combined potential of an optical lattice and a magnetic trap.
Our analysis of the production of wave packets shows that the
lattice modulation technique and the two step excitation pro-
cess are well understood, and wave packets can be reliably
created as a resource for further experiments. By monitoring
the wave packet motion, a detailed understanding of the dy-
namical evolution of the system has also been obtained.
We demonstrated the controlled de-excitation of atoms
from the wave packets to the available bands of the combined
trap. This confirms that lattice modulation can act as a beam
splitter for matter wave packets with the ability to selectively
address localized states in the available lower bands. Since
these states lie well outside the region of the initial BEC, the
bands at that location can be populated with high purity. In
close analogy to the well-known method of pump-probe spec-
troscopy, the resonant frequency of the de-excitation pulse
was used to perform spectroscopy of the anharmonicity of the
trap. In addition, we have shown that multiple localized states
can be created from a single wave packet.
Finally, it was shown that lattice modulation can be used to
excite matter wave packets to higher momenta. This technique
enables the creation of very fast wave packets using moderate
modulation frequencies. These high momentum wave packets
have potential applications in atom optics and atom interfer-
ometry.
Within future work it will be of particular interest to study
the coherence properties of each individual step and to which
extent coherent control techniques [37] can be utilized. This
will open up the possibility of creating superpositions of qubit
states in, e.g., the lowest and first excited bands by modulat-
ing at multiple frequencies simultaneously. The combination
of quantum degenerate atoms and optical lattices has proved
useful for storing information in the form of qubits [38]. The
methods proposed here may provide future means to solve the
outstanding challenge of transporting atoms between lattice
sites in a controlled fashion.
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